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Intrinsic disorder (ID) is crucial for the function ofmany proteins. The activity of some proteins is autoinhibited
by their inhibitorymodules (IMs). In this issue of Structure, Trudeau and colleagues showedmultifarious roles
of ID in controlling agility of IMs.The functions of many proteins are
regulated by autoinhibition where the
cis-acting sequence element, known as
inhibitory module (IM), interacts with the
functional domain (FD) in the same poly-
peptide chain and regulates the activity
of this domain (Pufall and Graves, 2002).
This IM-FD interaction is a reversible
process that controls protein function,
which relies on the ability of the autoinhi-
bitable proteins to exist in at least two
functional forms: an active state, where
FD and IM do not interact with each other,
and an inactive (inhibited) form that results
from the IM binding to the FD in cis. One
should keep in mind that autoinhibition is
a highly dynamic and controllable process
where a dynamic equilibrium between the
active and inhibited states can be shifted
by various mechanisms regulating inhibi-
tion (Trudeau et al., 2013 [in this issue of
Structure]).
Autoinhibition is used to regulate the
cellular localization of proteins and con-
trols very diverse protein activities, such
as specific response of signaling proteins
to appropriate signals, protein interac-
tion with DNA and RNA, protein-protein
interactions, enzymatic catalysis, etc.
(Trudeau et al., 2013). The molecular
mechanisms of inhibition used by these
cis-acting IMs range from allosteric
effects, where they bind to sites distant
from the FD active site and impose
changes affecting protein function, to
direct occlusion of the FD active cite. In
its turn, the activity of IMs is tightly regu-
lated by several means, which include
binding to activating partners, irreversible
proteolysis, and various posttranslational
modifications (PTMs) (Pufall and Graves,
2002). A long time ago, it was recognized
that there is a broad spectrum of struc-tural changes induced in IMs by binding
to FDs, and some IMs were shown to
be almost completely unstructured in
their unbound states (Pufall and Graves,
2002), suggesting that intrinsic disorder
(ID) might play a role in autoinhibition.
In this issue, Trudeau et al. (2013)
performed a systematic bioinformatics
study to evaluate the extent of the usage
of intrinsically disordered IMs (IDIMs)
and examined the potential advantages
these IDIMs confer to the autoinhibitory
mechanism.
In modern protein science, the ID
concept is a new Ariadne’s thread that
helps navigate the unusual twists of
the sophisticated relationships between
protein sequence, structure, and function.
More and more studies indicate that ID
can represent a universal skeleton key
that helps unlock the seemingly unresolv-
able mysteries of protein science. The ID
concept refers to the fact that, contrary
to the more than a hundred-year-old
dogma that proteins have to fold into
unique three dimensional structures (3D)
to be biologically active, numerous
protein functions do not require well-
defined 3D structures (Dyson, 2011;
Tompa, 2011; Turoverov et al., 2010;
Uversky and Dunker, 2010). As a result,
many biologically active proteins or pro-
tein domains lack a well-defined tertiary
structure under functional conditions.
In fact, intrinsically disordered proteins
(IDPs) and IDP regions (IDPRs; i.e.,
proteins/domains that do not have unique
structure [as a whole or in part] in the
free state) are commonly found in all
known proteomes (Xue et al., 2012).
Furthermore, structural plasticity gives
ID carriers numerous functional advan-
tages that are unforeseen for structured/Structure 21, March 5, 2013ordered proteins. When thinking about
autoinhibition used by IDIMs, it is impor-
tant to keep in mind the number of
different features of IDs.
In general, the sequence space of IDPs/
IDPRs compared to other proteins is
increased due to the lack of restrictions
associated with the need to fold into
unique 3D structures independently. The
absence of defined structure means
that IDPs sample wider conformational
space and exhibit increased structural/
conformational heterogeneity. From the
perspective of how they engage their
binding partners, IDPs can form fuzzy
complexes where a substantial disorder
is preserved even in the bound state,
engage in high-specificity-low-affinity
interactions, be involved in one-to-many
interactions (with a single disordered
region binding to several structurally
diverse partners), as well as many-to-
one interactions (where many distinct
IDPs bind a single [often ordered] protein),
and fold to specific and diverse bound
conformations according to the template
provided by binding partners. When
IDPs/IDPRs engage in complex forma-
tion, they commonly exhibit a presence
of overlapping binding sites due to ex-
tended linear conformation, an increased
interaction surface area per residue, and
the ability to overcome steric restrictions.
Overall, the speed of interactions in IDPs
is generally increased due to a greater
capture radius and/or the ability to dis-
tantly search through interaction space,
and the strength of the encounter
complex allows for less stringent spatial
orientation requirements. The absence
of defined 3D structure and the dynamic
nature of IDPs contribute to the relative
ease of IDP regulation via rapidª2013 Elsevier Ltd All rights reserved 315
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splicing. Finally, their features have some
implications for diverse evolutionary
rates, with some IDPs being highly con-
served and other IDPs possessing high
evolutionary rates.
Using a comprehensive set of bio-
informatics tools Trudeau et al. (2013)
show that many autoinhibited proteins
possess a noticeable amount of ID and
that IMs are especially enriched in ID rela-
tive to other regions of the proteins they
occur in. Even in ordered proteins, IMs
are often disordered. Therefore, ID repre-
sents an important structural/functional
component of many IMs, which, thus,
should be regarded as IDIMs. A few
observations below show that IDIMs
share all of the fundamental features of
IDs outlined above and that they should
be considered as multidimensional regu-
lators whose functional multidimension-
ality is determined by the flexible nature
that defines various modes of how IDIMs
can regulate protein function and which
allows numerous mechanisms to be
used for the regulation of these disor-
dered regulators.
Similar to other IDPs and IDPRs (Me´s-
za´ros et al., 2007), IDIMs are shown to
bury larger solvent-accessible surface
area per residue at inter-protein interfaces
than typical ordered proteins do. This
indicates that it takes amuch longer chain
for ordered proteins than for IDPs/IDRs/
IDIMs to create the same interface, which
indicates that IDPs/IDRs/IDIMs may have
a much larger interaction potential.
Another important characteristic of
IDPs/IDPRs that is crucial for binding
promiscuity is their ability to fold differ-
ently when bound to different partners
(Oldfield et al., 2008). Based on the
structural information available for several
IDIMs bound to the cognate FDs and to
proteins controlling autoinhibition, it has
been concluded that binding to different
partners induces noticeable changes
in secondary and tertiary structures of
IDIMs. The common theme here was an
extensive use of helix-to-coil or coil-to-
helix transitions in the regulation of IDIM
binding to FDs or to regulatory proteins.
In fact, in the majority of cases, a coil-to-
helix transition in a short molecular recog-
nition motif (MoRF; Mohan et al., 2006)
was shown to be induced upon binding
of parts of the IDIM to an activating
partner protein.316 Structure 21, March 5, 2013 ª2013 ElsevFurthermore, in some families of autoin-
hibited proteins, IDIMs were shown to
have a broad spectrum of disorder in the
unbound state. This structural heteroge-
neity of the unbound state is a reflection
of the evolutionary modulation of the
degree of structure present in IDIM when
it is not bound to FD, which represents
an important evolutionary tool to fine-
tune the balance between active and
inactive states of autoinhibited proteins.
Also, IDIMs were shown to have notice-
able evolutionary heterogeneity, with resi-
dues involved in the IDIM-FD interface
being noticeably more conserved than
other IDIM residues.
Although IDIMs regulate the activity of
autoinhibitable proteins both allosterically
and sterically (i.e., via binding directly to,
or in the close proximity of, active sites),
with steric inhibition being the major regu-
latory mechanism, the functionality of
IDIMs themselves is under tight control,
which is crucial for the controllable regula-
tion of autoinhibition. Trudeau et al. (2013)
revealed that, in agreement with earlier
findings where the relief and reinforce-
ment of autoinhibition was shown to be
controlled by various molecular mecha-
nisms (Pufall and Graves, 2002), IDIM
activity is regulated by a variety of means,
such as interactions with activating pro-
tein partners, PTMs (predominantly phos-
phorylation, with many IDIMs containing
two or more phosphorylation sites), pro-
teolysis, the mechanical unfolding of
IMs, and the formation of disulfide bonds.
Furthermore, the combination of deferent
regulationmechanisms can be used in the
same protein.
In agreement with earlier findings that
alternative splicing frequently occurs in
mRNA regions encoding IDPRs, Romero
et al. (2006) and Trudeau et al. (2013)
found that IDIMs were frequently affected
by alternative splicing, resulting in notice-
able modulation of their functional profiles
via the addition or removal of MoRFs and/
or short linear motifs. This clearly repre-
sents another mechanism for the fine-
tuning of the equilibrium between active
and inhibited states of the autoinhibited
proteins and likely plays a role in the
selection of the tissue- and time-specific
activating partners.
This study clearly shows that IDIMs
should be taken as exemplary IDPR
members whose functional and structural
multidimensionality represent easy-to-ier Ltd All rights reservedgrasp illustrations of how regulatory roles
of protein can rely on and be controlled by
various specific features and advantages
offered by ID.
On a different note, the work of Trudeau
et al. (2013) represents an important illus-
tration of how the thoughtful application of
bioinformatics and computational biology
can be used to solve complex biological
questions and shows that various bio-
informatics/computational tools repre-
sent a crucial addition to the research
arsenal of modern experimental biology.
After many years of denial, when, despite
being an arduous endeavor, the results
of ‘‘non-wet lab’’ studies were often
dismissed by traditional biologists as
unsubstantiated and not trustworthy,
the bioinformatics-centric computational
biology is starting to be regarded as a
legitimate science and not a mere tech-
nical tool designed to be used in real
scientific work. This is a really reassuring
development, showing that we are wit-
nessing an important shift in under-
standing of what biological computer
science and bioinformatics are about.REFERENCES
Dyson, H.J. (2011). Q. Rev. Biophys. 44, 467–518.
Me´sza´ros, B., Tompa, P., Simon, I., and Doszta´nyi,
Z. (2007). J. Mol. Biol. 372, 549–561.
Mohan, A., Oldfield, C.J., Radivojac, P., Vacic, V.,
Cortese, M.S., Dunker, A.K., and Uversky, V.N.
(2006). J. Mol. Biol. 362, 1043–1059.
Oldfield, C.J., Meng, J., Yang, J.Y., Yang, M.Q.,
Uversky, V.N., and Dunker, A.K. (2008). BMC
Genomics 9(Suppl 1 ), S1.
Pufall, M.A., and Graves, B.J. (2002). Annu. Rev.
Cell Dev. Biol. 18, 421–462.
Romero, P.R., Zaidi, S., Fang, Y.Y., Uversky, V.N.,
Radivojac, P., Oldfield, C.J., Cortese, M.S., Sick-
meier, M., LeGall, T., Obradovic, Z., and Dunker,
A.K. (2006). Proc. Natl. Acad. Sci. USA 103,
8390–8395.
Tompa, P. (2011). Curr. Opin. Struct. Biol. 21,
419–425.
Trudeau, T., Nassar, R., Cumberworth, A., Wong,
E.T., Woollard, G., and Gsponer, J. (2013).
Structure 21, this issue, 332–341.
Turoverov, K.K., Kuznetsova, I.M., and Uversky,
V.N. (2010). Prog. Biophys. Mol. Biol. 102, 73–84.
Uversky, V.N., and Dunker, A.K. (2010). Biochim.
Biophys. Acta 1804, 1231–1264.
Xue, B., Dunker, A.K., and Uversky, V.N. (2012).
J. Biomol. Struct. Dyn. 30, 137–149.
